Plants undergo a series of developmental transitions during their life cycle. After seed germination, plants pass through two distinct phases: the vegetative phase in which leaves are produced and the reproductive phase in which flowering occurs. Based on the reproductive competence and morphological changes, the vegetative phase can be further divided into juvenile and adult phases. Here, we demonstrate that the difference between juvenile and adult phase of Nicotiana tabacum is characterized by the changes in leaf size, leaf shape as well as the number of leaf epidermal hairs (trichomes). We further show that miR156, an age-regulated microRNA, regulates juvenile-to-adult phase transition in N. tabacum. Overexpression of miR156 results in delayed juvenile-to-adult transition and flowering. Together, our results support an evolutionarily conserved role of miR156 in plant developmental transitions.
Plants undergo a series of developmental transitions during their life cycle. The first transition is seed germination, in which the embryonic development is switched to the postembryonic mode of growth. One hallmark of germination is the activation of shoot apical meristem (SAM), a population of pluripotent stem cells responsible for producing all the above-ground lateral organs including stems, leaves and flowers. The seedling then passes through a vegetative phase, where SAM gives rise to leaves, followed by the transition to the reproductive phase, where SAM produces flowers [1] .
Vegetative phase change refers to the transition from juvenile to adult phase. This transition is marked by changes in morphology and an increase in reproductive competence. Unlike plants in juvenile phase, the plants in adult phase are able to flower in response to endogenous signals such as sugar and hormone, as well as environmental factors such as available nutrients, day length, light intensity, light quality, and ambient temperature [25] . Although the morphological features that distinguish these two phases differ between species, they usually include leaf shape and size, leaf arrangement, epidermal cell differentiation pattern, the regenerative capacity for adventitious root and the length of internode [68] .
MicroRNAs (miRNAs) are a class of 20-24 nucleotide endogenous RNAs that usually regulate targeted gene expression by transcript cleavage or translational inhibition [9] . miRNAs are widely distributed in animals and plants [10] . Recently, many miRNAs have been identified in a unicellular green alga, Chlamydomonas reinhardtii and a multicellular species, Volvox carteri, suggesting that miRNAs play regulatory roles in the biology of green algae [1113] [23, 25, 30] .
The targets of miR156 belong to a group of plant-specific transcription factors, called SQUAMOSA PROMOTER BINDING PROTEIN (SBP)-box genes [31] . In A. thaliana, 11 out of 17 SBP-box genes are targeted by miR156 [32] . These miR156-targeted SPLs can be structurally divided into two groups, represented by SPL3 and SPL9 [32] . SPL9 protein is larger than SPL3 because it harbors a carboxyl-terminal domain with unknown function. The biological role of SPL3 and SPL9 group genes in A. thaliana is divergent. For example, SPL9 and SPL15 redundantly regulate leaf initiation rate, leaf size and shoot maturation [19,25,3335] , whereas SPL3 temporally regulates floral transition [26, 26, 36] .
In this manuscript, we presented, for the first time to our knowledge, the characterization of developmental transitions in Nicotiana tabacum. Moreover, we found that the level of miR156 determines the timing of juvenile-to-adult phase transition and flowering in N. tabacum. agar, pH 5.7). Rooted plants were transferred to soil and grown in growth chamber. Independent T2 lines were used for regeneration assays.
Cloning of NtSPLs in N. tabacum
The coding sequences of NtSPLs were obtained by RACE method. Briefly, total RNAs of flowers were reverse-transcribed using a GeneRacer™ Oligo dT Primer (Invitrogen, 5′-GCTGTCAACGATACGCTACGTAACGGCATGACA-GTG(T) 24 -3′). GeneRacer™ 3′ Primer (5′-GCTGTCAACG-ATACGCTACGTAACG-3′) and GeneRac-er™ 3′ Nested Primer (5′-CGCTACGTAACGGCATGACAGTG-3′) served as 3′ RACE primer. To design 5′ RACE primers, protein sequences of AtSPLs were used to BLAST in N. tabacum EST database in NCBI (http://blast.ncbi.nlm. nih.gov/ Blast.cgi). The most similar nucleotide sequences were used to design gene-specific 5′ RACE primer. The primary PCR conditions were 94°C for 30 s, 72°C for 5 min (5 cycles); 94°C for 30 s, 70°C for 5 min (5 cycles); 94°C for 15 s, 64°C for 15 s, 72°C for 5 min (22 cycles), while the secondary PCR conditions were 94°C for 15 s, 58°C for 30 s, and 72°C for 5 min (30 cycles). The amplified fragments were ligated into pMD18-T vector (TaKaRa, Japan) and sequenced.
Phenotypic analyses
For leaf size and shape measurement, the fully expanded leaves of wild type, 35S::MIR156 and 35S::MIM156 plants were detached. The length and width of blade were measured. Chlorophyll content measurement was performed according to the method described previously [37] . Briefly, 200 mg fresh leaves were grounded and chlorophyll was extracted with 2 mL 80% acetone. The chlorophyll content was calculated using spectrophotometric absorbance (A) at light wavelength of 663 and 645 nm. For leaf trichome analyses, the fully expanded leaves of the plants of different ages were detached, frozen with liquid nitrogen, and examined by SEM.
For flowering time measurement, the seeds were geminated on soil. Plants were then grown in long day. The numbers of leaves on the stem when the first floral buds were visible were scored.
RNA gel blot
The leaves from the plants of different ages were collected. To avoid the impact of leaf age on gene expression, the leaves of the same size (1 cm in length) were used for RNA analyses. Total RNA was extracted with Trizol reagent (Invitrogen, USA). Biological triplicates with technical duplicates were performed. Total RNA was separated on a 15% denaturing polyacrylamide/TBE/8 M urea gel and then transferred to Hybond-N+ membrane (GE Biosciences, USA). The complementary oligonucleotide of miR156 was end-labeled with [γ-32 P] ATP by T4 polynucleotide kinase (New England Biolabs, USA). Hybridization was performed overnight at 37°C in 5 mL of PerfectHyb hybridization buffer (Sigma, USA). Membranes were then washed three times with 2× SSC containing 0.1% SDS and exposed to Kodak MS film.
Sequence alignment and phylogenetic analysis
BLASTp was performed using the deduced amino acid sequence from NtSPLs and SlySBPs. Multiple sequence alignments and phylogenetic tree were generated by MEGA 5.0 [38] . Neighbor-joining (NJ) method was used to draw phylogenetic trees [39] . The accession numbers for NtSPLs were: NtSPL2, KP260634; NtSPL4, KP260635; NtSPL9, KP260636. The accession numbers for SlySBPs were: SlySBP10, Solyc05g015510; SlySBP12a, Solyc01g068100; SlySBP12b, Solyc05g053240; SlySBP2, Solyc04g045560; SlySBP6c, Solyc12g038520; SlySBP10, Solyc05g0155110; SlySBP13, Solyc05g015840; SlySBP6a, Solyc03g114850; SlySBP8a, Solyc10g018730; SlySBP8b, Solyc01g090730; SlySBP3, Solyc10g009080; SlySBP6b, Solyc05g012040; SlySBP15, Solyc10g078700; SlySBP4, Solyc07g053810; SlySBP7, Solyc01g080670.
Results

The vegetative phase transition in N. tabacum
To examine the morphological changes during vegetative phase in N. tabacum, we grew wild type plants under long day condition (16 h light/8 h dark) at 21°C (day)/19°C (night). We measured the following morphological features: leaf size, leaf shape and the number of trichomes. The fully expanded leaves from the plants of different ages were collected and the length and width of blades were measured ( Figure 1A ). The leaf size was progressively increased during development ( Figure 1B) . Compared to the 1st leaf, both blade length and width were doubled in the 2nd leaf. The change in leaf size was accompanied by a change in leaf shape. The blade length/width ratio (leaf index) was 1.19 in early leaves (leaf #12), and 2.00 in late leaves (leaf #610) ( Figure 1C) .
Trichomes, as a model system for study of cell differentiation, have been reported to be associated with vegetativephase changes in A. thaliana: The leaf trichome distribution changes gradually from adaxial to abaxial as the shoot grows up [40, 41] . While Arabidopsis trichomes are unicellular, the leaf of N. tabacum was covered with two types of multicellular trichomes-glandular and nonglandular. Compared to non-glandular trichome, the glandular trichome has bulge terminal at the tip which produces various alkaloids, terpenoids and defensive proteins [42, 43] . To examine the distribution pattern of leaf trichomes at different phases in N. tabacum, we performed scanning electron microscope (SEM) analyses on the early and late leaves. We found that 85% of trichomes on N. tabacum leaf epidermis were glandular trichomes. Unlike Arabidopsis, both abaxial and adaxial sides of N. tabacum leaves produced trichomes. The number of trichomes was less in early leaf (leaf #12) than in late leaf (leaf #67) ( Figure 1D and E). Taken together, these results indicated that the changes during vegetative phase in N. tabacum are characterized by the changes in leaf size, leaf shape, and the number of trichomes.
miR156 regulates vegetative phase transition
As mentioned earlier, miR156 acts as the master regulator of juvenility in many plant species. In N. tabacum, three expressed sequence tags (ESTs) encoding miR156-targeted SPLs (named as NtSPL2, NtSPL4 and NtSPL9) were identified. The full-length cDNAs of these genes were cloned by rapid amplification of cRNA ends (RACE). Sequence comparison and phylogenetic analysis revealed that NtSPL2, NtSPL4 and NtSPL9 showed high sequence similarities to Solanum lycopersicon (tomato) SlySBP4, SlySBP15 and SlySBP10, respectively [44] (Figure S1 in Supporting Information). The miR156 binding sites were located in the 3′ untranslated region (UTR) in NtSPL4, and in the coding region of NtSPL2 or NtSPL9 ( Figure S2 in Supporting Information). We investigated the expression pattern of miR156 in the leaves of N. tabacum plants of different ages. To avoid the impact of leaf age on miR156 expression, the leaf of the same size (1 cm in length) was used. We found that miR156 was accumulated at high level at seedling stage, and subsequently decreased (Figure 2A ). After the appearance of the 7th leaf, miR156 level reached a basal level and did not decline afterwards. Thus, these results revealed that the level of miR156, as seen in other plant species, is correlated with age in N. tabacum.
To determine whether miR156 plays a role in vegetative phase transition in N. tabacum, we generated the transgenic N. tabacum plants that overexpressed either miR156 (35S::MIR156) or a target mimicry of miR156 (35S:: MIM156), in which miR156 activity is suppressed [45] . In total, 50 lines for 35S::MIR156 and four lines for 35S:: MIM156 were obtained. RNA gel blot revealed that miR156 was highly expressed in 35S::MIR156 plants but reduced in Figure 2B) .
35S::MIM156 (
We compared the developmental changes during vegetative phase among wild type, 35S::MIR156 and 35S:: MIM156. The seeds were germinated at the same time and grew under the same condition. The level of miR156 was correlated with the leaf initiation rate. After germination, 35S::MIM156 slowly produced leaves, but the leaf initiation rate of 35S::MIR156 was increased ( Figure 3A) . In early leaves (the 1st to 3rd leaves), there was no difference in leaf size between wild type and 35S::MIR156 plants, whereas 35S::MIM156 had bigger leaves than wild type ( Figure 3B and C). The measurement of leaf index revealed that the shape of the 1st 35S::MIM156 leaf was oval, compared to the roundish leaf shape of wild type leaf at the same position ( Figure 3D ). In contrast, the leaf shape of 35S::MIR156 was nearly constant during development. SEM analyses indicated that 35S::MIM156 produces more trichomes than wild type in both early and late leaves, whereas 35S:: MIR156 exerted an opposite effect ( Figure 3E ). Therefore, these results illustrated that overexpression of miR156 causes plants exhibiting juvenile characteristics, thereby delays juvenile-to-adult phase transition.
miR156 negatively regulates flowering
In A. thaliana, the role of miR156 in flowering is more pronounced in short days than in long days where the photoperiod plays a predominant role. Consistent with the fact that the N. tabacum plant (cv SR1) is a day neutral plant (the time of flowering is not affected by day length), overexpression of miR156 severely delayed flowering in long days. Fifteen of 50 T1 35S::MIR156 lines continued producing juvenile-type leaves and did not flower ( Figure 4B ). The rest 35 T1 plants eventually flowered. Compared to wild type, the flowering time was delayed by more than 20 leaves in 35S::MIR156 ( Figure 4A and B). 35S::MIM156 caused early flowering phenotype, with 6 leaves less than wild type ( Figure 4C ). Thus, these observations indicated that miR156 plays a predominant role in flowering in N. tabacum, and is consistent with the notion that miR156 defines an endogenous flowering time pathway.
miR156 participates in other developmental processes of N. tabacum
The effect of miR156 on the development of N. tabacum is pleiotropic. miR156 overexpressor displayed the increased number of lateral shoots. Every node developed a lateral shoot in 35S::MIR156 plants, but not in wild type and 35S::MIM156 plants ( Figure 4E ). This phenotype is in agreement with previous findings in A. thaliana, rice and maize. The elevated level of miR156 leads to an increase in tillers or branches, whereas a point mutation in rice IPA1/ OsSPL14, which disturbs the miR156 recognition, results in a rice plant with a reduced tiller number [23,30,4648] . In A. thaliana, overexpression of miR156 did not cause obvious developmental defects in flowers. However, we did observe that miR156 overexpressor produced smaller flowers than wild type in N. tabacum. In addition, the length of filaments of flowers was decreased, which led to the reduced fertility ( Figure 4F ).
We also noticed that miR156 regulated leaf color. Compared to wild type, the leaf color of 35S::MIR156 plants was pale green, whereas that of 35S::MIM156 plants was dark green. This difference is likely to be caused by the changes in chlorophyll content. Therefore, we measured the chlorophyll content of the 2nd leaves from wild type, 
Discussion
In A. thaliana, the formation of trichomes on the abaxial side of leaf is the one of the hallmarks for adult phase. However, we did not observe the same change in the trichome distribution pattern between early and late leaf in N. tabacum. Instead, we found that the number of trichomes differs between juvenile and adult phase. The late leaves have more trichomes than early leaves. Thus, these results suggest that the epidermal cell differentiation pattern may serve as a universal mark for juvenile-to-adult phase transition, although the morphological features of trichomes that distinguish these phases differs between species.
While A. thaliana miR156 overexpressor shows normal floral development [48] , the elevated level of miR156 led to growth defects in flower development in N. tabacum (Figure 4F) . Interestingly, a recent study revealed that overexpression of miR156 in tomato exhibited abnormal flower and fruit morphology, with fruits characterized by growth of extra carpels and ectopic structures [49] , suggesting a Solanaceae-specific role of miR156-SPL in reproductive organ development.
Flowering time is controlled by both endogenous and exogenous cues such as day length and temperature. In A. thaliana, five genetic pathways have been identified, namely age, autonomous, gibberellin, photoperiod and vernalization pathway [50] . Age and photoperiod pathways induce floral transition through activation of flowering time integrators including FT, MADS-box genes and LEAFY (LFY), whereas another three pathways promotes flowering through the removal of flowering repressors. In A. thaliana, photoperiod plays a predominant role in long days, whereas the function of miR156 in flowering is more evident under non-inductive short day conditions. Consistent with these observations, we found that miR156 acts as a major flowering time determinator in N. tabacum, a day neutral plant. Overexpression of miR156 results in a severe delay in flowering in long day condition. Thus, being the sole positive flowering promoter, the precise regulation of miR156 level is of great importance for the flowering time in day neutral plants.
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